Abstract. We compare the performance of two detector materials, cadmium telluride (CdTe) and bismuth silicon oxide (BSO), for optical property modulation-based radiation detection method for positron emission tomography (PET), which is a potential new direction to dramatically improve the annihilation photon pair coincidence time resolution. We have shown that the induced current flow in the detector crystal resulting from ionizing radiation determines the strength of optical modulation signal. A larger resistivity is favorable for reducing the dark current (noise) in the detector crystal, and thus the higher resistivity BSO crystal has a lower (50% lower on average) noise level than CdTe. The CdTe and BSO crystals can achieve the same sensitivity under laser diode illumination at the same crystal bias voltage condition while the BSO crystal is not as sensitive to 511-keV photons as the CdTe crystal under the same crystal bias voltage. The amplitude of the modulation signal induced by 511-keV photons in BSO crystal is around 30% of that induced in CdTe crystal under the same bias condition. In addition, we have found that the optical modulation strength increases linearly with crystal bias voltage before saturation. The modulation signal with CdTe tends to saturate at bias voltages higher than 1500 V due to its lower resistivity (thus larger dark current) while the modulation signal strength with BSO still increases after 3500 V. Further increasing the bias voltage for BSO could potentially further enhance the modulation strength and thus, the sensitivity.
Introduction
Positron emission tomography (PET) is a noninvasive imaging technology used every day throughout the world to enable visualization and quantification of the molecular signatures of disease in living subjects in the clinic as well as in biological research. [1] [2] [3] For the last few decades, a significant amount of PET research has focused on improving scintillation crystal's properties to go beyond simple 511-keV photon coincidence detection to time-of-flight (ToF) capability, which requires much better timing resolution. A dramatically improved 511-keV photon coincidence time resolution will bring substantial signal amplification over existing systems. 4 It enables an advanced ability to visualize and quantify a fewer number of diseased cells in the presence of diffuse background signal that is typical in any PET study. 5 Alternately, patient injected dose and patient scan duration, two major limitations of clinical PET systems, may both be largely reduced with better ToF performance. 6 Image reconstruction time may also be greatly reduced, enabling PET for real-time imaging applications including guiding diagnostic interventions and surgical treatments for diseases. 7 Additionally, significantly faster timing paves the way for advanced PET systems designed with significantly smaller photon detector elements to increase spatial resolution for clinical PET studies. 8 However, most of ToF-PET systems use scintillation crystals for the detection of annihilation photons. The time resolution of conventional scintillation detectors is largely limited by the scintillation mechanism, which is essentially a form of "spontaneous emission." The interactions between a scintillation crystal and ionizing radiation photons involve several processes including the production of primary and secondary charge carriers (femtosecond scale), thermalization (subpicosecond scale) and localization (picosecond scale) of charge carriers, and carrier migration along with radiative recombination (nanosecond scale). 9, 10 The production and emission of scintillation light take place only at the last stage. The stochastic nature of the processes occurring before scintillation leads to large statistical fluctuations for the generation of the first scintillation photons. Consequently, the coincidence time resolution achievable by a scintillation-based PET detector has an intrinsic limit, which is estimated to be on the order of 100 picoseconds (ps), 10 although that of state-of-the-art commercially available ToF-PET systems is currently in the range of 350 to 900 ps.
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In comparison to the scintillation process, picosecond and femtosecond scale modulation phenomena of material's optical properties are common and well studied in ultrafast optics research and the telecommunications industry. 12, 13 Therefore, utilizing the ultrafast mechanisms of optical property modulation for ionizing radiation detection could be a promising way to dramatically improve PET coincidence time resolution. In our previous work, 14 we borrowed from optics pump-probe measurement concept and established a two-beam interference setup for the detection of ionizing radiation photons, with the ultimate goal to apply this detection concept to PET detectors in order to achieve a largely improved time resolution. We have shown that the ionizing radiation from both a UV laser diode and radionuclide sources can modulate the optical properties, specifically the refractive index, of a cadmium telluride (CdTe) crystal. We have also found that the modulation signal amplitude is linearly dependent on both the detected event rate and photon energy. In this work, we will further compare the performance of CdTe and another potential candidate detector material, bismuth silicon oxide (BSO), in the two-beam interference setup, aiming to study how the material properties could influence the optical property modulation-based detection method and to identify suitable detector materials.
Materials and Methods

Detector Materials
In this study, we used both a CdTe and a BSO crystal as our detector material. The dimensions, refractive index, 511-keV photon attenuation coefficient, bandgap energy, linear electrooptic coefficient, resistivity, and cost of the two crystals under test are summarized in Table 1 . The CdTe crystal is the detector material used in our previous work.
14 A BSO crystal is chosen as another potential detector material because it has a higher Z number and higher density than CdTe, which will provide higher interaction probability with annihilation photons. In addition, it has a comparably large linear electro-optic coefficient compared to CdTe and has been proven to work as ultrafast optical switches in photonic devices using electro-optic modulation. 15, 16 Since the detection concept studied in this paper depends on the electro-optic modulation effect, 17 a large electro-optic coefficient and the property of undergoing fast optical property modulations under high energy photon excitation are desirable in our experiment.
Experimental Setup
In this study, we used the same two-beam interference setup as in our previous work 14 to achieve the optics pump-probe measurement. The schematic for the optical setup is shown in Fig. 1 . A tunable C-band probe laser (Agilent N7714A Tunable Laser Source, with central wavelength around 1550 nm) is first linearly polarized and then illuminates the detector crystal (CdTe or BSO). The laser beams reflected from the front and rear surfaces of the crystal interfere with each other and generate an interference pattern (shown in the inset). The interference pattern is expanded with a lens. An optical iris is placed after the lens to allow only a fixed portion of the interference pattern to pass through (shown by the black arrows in the inset). The light transmitted through the iris is further focused by another lens and detected with a photodiode detector. The detected light intensity is the signal being monitored during the experiment. The detector crystal is DC biased and the entire setup is put in a light tight box during the experiment.
The ionization-induced optical property modulation mechanism employed in this work is the linear electro-optic effect (i.e., Pockels effect) in the detector crystal. Both CdTe and BSO are Pockels cells. 18, 19 The refractive index of a Pockels cell can be expressed as 17 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 2 5 6
where nðEÞ is the material's index of refraction with an electric field E applied on the crystal, E is the applied electric field amplitude, n is the index with no electric field applied, and γ is the Pockels coefficient or linear electro-optic coefficient.
The refractive index of a Pockels cell is linearly dependent on the applied electric field strength. The optical phase difference between the two interfering beams in the experimental setup can be expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 1 2 6
where ϕ is the optical phase difference, n is the refractive index of the detector crystal (CdTe or BSO), λ is the vacuum wavelength of the probe laser, and L is the geometric path length difference between the two interfering beams, which is a fixed value and approximately equals twice the detector crystal thickness here. When ionizing radiation photons interact with the detector crystal, charge carriers are created through impact ionization. These carriers drift toward the two electrodes at the crystal surface due to applied bias voltage. Consequently, local charge separation and current flow occur, and thus a change in the local electric field strength is generated. According to Eq. (1), the refractive index of the detector crystal is changed as a result. This also modifies the optical phase difference between the two interfering beams according to Eq. (2). Since the interference pattern is determined by the optical phase difference, interference fringes (see Fig. 1 ) shift in space accordingly and then shift back as the space charge clears. The detected intensity of the light passing through the iris is modulated in response. Therefore monitoring the detected light intensity modulations allows us to detect the interaction of ionizing radiation photons.
Measuring Current-Voltage Curve
The resistivity of the detector crystal is an important influencing factor for the experiment. Therefore we first measured the current-voltage characteristic (or I − V curve) for the two detector crystals. A Keithley Femtoamp Sourcemeter was used to achieve the detection of weak current flow in the detector crystals.
Testing Setup Feasibility
To test the feasibility of using the detector crystals in the twobeam interference setup, we started the experiment with no radiation source present. We first kept the bias voltage fixed (zero bias voltage) and studied the dependence of the signal magnitude (transmitted laser intensity through the optical iris as shown in Fig. 1 ) on the probe laser wavelength, then measured the signal magnitude dependence on the bias voltage at a fixed operating wavelength (1550.000 nm).
Using Laser Diode as the Source of Ionization
We first used a 405-nm laser diode (CEL NV4V31SF) as a controllable source of ionization to observe the optical modulation signal. We recorded the optical signal level change when the detector crystal was illuminated by laser diode light pulses. The oscilloscope (Agilent DSO90404A) that we used to record the optical signal was triggered by the drive voltage of the laser diode. In addition, we measured the dependence of the modulation signal amplitude on detector crystal bias voltage.
Using Ge-68 as the Source of Ionization
We then studied how the detector crystals would react to annihilation photons. A 200 μCi Ge-68 source, which emits 511-keV photons, was used for the experiment. The source was repetitively placed close to the detector crystal and then removed. We recorded the optical signal level change between the situations when the source was present and when the source was removed. For each measurement, we recorded the stable optical signal level observed at 1 min after placing or removing the source. This is because during the transition between placing the source close to the detector crystal and taking the source away, the signal did not change instantaneously. Instead, the response to the presence or removal of the source took several seconds to several minutes depending on the source activity. After this settling time, the signal level would remain stable around a fixed value. Therefore, we choose to wait 1 min for the signal to stabilize and then read each data point as the stable signal level, which was done similarly in our previous work. 14 Each data point (the stable signal level) was recorded as a histogram of the optical signal magnitude for 1 min. The value corresponding to the histogram peak was taken as the magnitude of the stable signal level, and the peak width (full width at half maximum) was used as the error bar. All the data points were taken successively in time. Additionally, we also studied the dependence of the modulation signal amplitude on detector crystal bias voltage.
Results
Current-Voltage Curve
The I − V curves for CdTe and BSO crystals are shown in Fig. 2 . From the I − V measurements, we estimated the resistivity for the two crystals as 19.6 MΩ · m for CdTe and 2.42 GΩ · m for BSO. We can see that the resistivity of the BSO crystal is much higher than CdTe. With the same dimensions, BSO crystal therefore has a much larger resistance. 
Setup Feasibility Tests
The dependence of the signal magnitude on the probe laser wavelength at zero bias voltage is shown in Fig. 3 . The signal magnitude is normalized for clear comparison. This figure looks different from the probe laser wavelength dependence figure in our previous work 14 since the data were taken at different crystal bias voltage conditions and with a different crystal orientation and laser alignment. According to Eq. (2), the optical phase difference between the two interfering beams is modulated as the probe laser wavelength is tuned. This modulation results in a spatial shift of the transmitted interference fringes as discussed in Sec. 2.2. Therefore, bright and dark fringes pass through the optical iris successively and are detected. This explains the oscillating pattern in Fig. 3 . From the graph, we can see that both crystals can work in the interference setup since tuning the operating wavelength generates an oscillating pattern of the transmitted light intensity for both crystals. The similar oscillation period is due to the identical dimensions and similar refractive indices of the crystals. The slightly longer period of BSO crystal is related to its lower refractive index. We can see this from Eq. (2) since a crystal with a lower refractive index will require a longer wavelength tuning range to reach the same phase shift. Different fringe extinction ratios (intensity ratio between bright and dark fringe or the ratio between the highest and lowest signal magnitude as shown in Fig. 3 ) are related to crystal surface finish quality.
The dependence of the signal magnitude on the crystal bias voltage at 1550-nm probe laser wavelength is shown in Fig. 4 . The signal magnitude is normalized for clear comparison. To facilitate an informative comparison, this figure presents the same set of data as used for the crystal bias dependence figure in our previous work.
14 According to Eq. (1), changing the bias voltage (thus the electric field) changes the refractive index of the detector crystal. According to Eq. (2), this further modulates the optical phase difference between the two interfering beams. Therefore oscillations in the signal magnitude were observed corresponding to crystal bias voltage tuning as shown in Fig. 4 similar to Fig. 3 . This result proves the Pockels effect in both CdTe and BSO crystals. It also shows the feasibility of using this setup (see Fig. 1 ) for detecting a modulation in the refractive index of the detector material. The longer oscillation period of BSO crystal is related to its higher resistivity, which is discussed in detail in Sec. 4.
Results with Laser Diode as the Source of Ionization
The optical modulation signal induced by a laser diode as the source of ionization is shown in Fig. 5 for CdTe and BSO. The data for CdTe were taken under a crystal bias voltage at 1000 V, and the data for BSO were taken at 3500 V. Here, we show the modulation signal for the two crystals at different bias voltages in order to clearly show the shape of the modulation signal. The amplitude comparison of the modulation signal induced in the two crystals at different crystal bias voltages will be shown next. The blue dashed line in Fig. 5 shows the drive voltage of the laser diode, and the red solid line shows the optical signal level being modulated. Since the modulation signal is a small AC signal on top of a large DC signal (which is the average optical signal level) and since the modulation amplitude is proportional to the average optical signal level (which is also proportional to the probe laser intensity), here, we have normalized the modulated optical signal level to the average signal level in order to exclude the influence of different probe laser intensity and to show a clearer comparison between the two crystals. We have also normalized the laser diode drive voltage since the exact drive voltage value is not important here. From Fig. 5 , we can see that the optical signal level is modulated by each light pulse of the laser diode due to refractive index modulation in the detector crystal. The relatively long decay edge of BSO signal is related to the low carrier mobility of the crystal, which is discussed in detail in Sec. 4. The dependence of the modulation signal (induced by laser diode) amplitude on crystal bias voltage is shown in Fig. 6 for both CdTe and BSO crystals. As explained above, the modulation signal is a small AC signal on top of a large DC signal (the average optical signal level) and the modulation amplitude is proportional to the average optical signal level (which is also proportional to the probe laser intensity). Therefore in Fig. 6 , we have normalized the modulation amplitude (amplitude of the small AC signal) to the average optical signal level (magnitude of the large DC signal) in order to exclude the influence of different probe laser intensity and to show a clearer comparison between the two crystals. We can see that the modulation signal amplitude increases linearly with the crystal bias voltage. Increasing the crystal bias voltage leads to stronger optical modulation strength.
Results with Ge-68 as the Source of Ionization
The optical modulation signal induced by Ge-68 as the source of ionization is shown in Fig. 7 for CdTe and BSO. For similar reasons as discussed in Sec. 3.3, here we show the data for CdTe taken under a crystal bias voltage at 1000 V and the data shown for BSO were taken at 3500 V. We have also normalized the modulated optical signal magnitude to the average optical signal level for clear comparison. The (higher) red shaded regions represent the optical signal magnitude when the Ge-68 source is placed close to the detector crystal and the blue (lower) shaded regions represent the signal level when the source is removed. We can see that both CdTe and BSO crystals can respond to 511-keV photon irradiation and the optical signal level is modulated by the presence of Ge-68 due to refractive index modulation in the detector crystal.
The dependence of the modulation signal (induced by Ge-68) amplitude on crystal bias voltage is shown in Fig. 8 for both CdTe and BSO crystals. For similar reasons as discussed in Sec. 3.3, the modulation signal amplitude is normalized to the average optical signal level in the graph. We can see that increasing the crystal bias voltage also leads to stronger optical modulation strength for Ge-68 induced modulation signal. The modulation signal induced in CdTe tends to saturate at bias voltage larger than 1500 V and thus the last two data points were not included in the linear fitting. We will discuss this point in Sec. 4.
Discussion
We can see from Fig. 3 that the wavelength dependence curve of BSO crystal is smoother than that of CdTe crystal and has a higher fringe extinction ratio (defined in Sec. 3.2). This is because the BSO crystal has a better surface finish quality. It was also observed from the experiment that the interference fringes generated with the BSO crystal were clearer (with higher fringe extinction ratio) and easier to experiment with. These properties could be advantageous if we can integrate BSO crystals into a real detector module.
From Fig. 4 , we can see that the low resistivity CdTe crystal experienced three oscillation periods from 0 V to 1500 V. The high resistivity BSO only went over less than a quarter oscillation period from 0 V to 3500 V. It was also found during the experiment that when limiting the output current of the crystal bias voltage power supply, even when we continued to increase the output voltage, the optical signal level was not modulated any more. We can conclude that the induced current flow (by tuning the crystal bias voltage here) in the detector crystal determines the strength of the optical modulation, not the absolute bias voltage.
We can see from Fig. 5 that the modulation signal induced by a laser diode in the BSO crystal has a longer decay edge. This signal decay is due to the charge carrier clearing process in the detector crystal and thus the decay speed is related to the carrier drift velocity, which further depends on the carrier mobility in the detector crystal. If we focus on electrons here, the electron mobility in CdTe is approximately 1000 cm 2 ∕Vs 18 and the electron mobility in BSO is around 5 cm 2 ∕Vs. 20 Taking into account the bias voltage difference (1000 V for CdTe and 3500 V for BSO), we can estimate that the electron drift velocity in CdTe is about 50 times larger than that in BSO. By analyzing the decay edge of the modulation signals in Fig. 5 , 21 we can calculate that the decay time constant is around 170 μs for the CdTe crystal and approximately 8.5 ms for BSO. Therefore the decay time constant in BSO is about 50 times longer than that in CdTe, which matches the ratio between the electron drift velocities in the two crystals. We have thus concluded that the relatively long decay edge of BSO signal is related to the low carrier mobility of the crystal. The ideal detector material needs to have high carrier mobility, thus a short detector dead time, in order to achieve the detection of individual 511-keV photon interactions and accommodate for high count rate. Figure 6 shows that CdTe and BSO crystals can achieve similar sensitivity under laser diode illumination at the same crystal bias voltage condition. However, the long decay edge of BSO crystal's modulation signal as shown in Fig. 5 (b) might lead to a relatively long dead time when using BSO as the detector material.
From Fig. 8 , we can see that the BSO crystal is not as sensitive to 511-keV photons as the CdTe crystal under the same crystal bias voltage. The different detection sensitivity of the two crystals is a combined result caused by the differences between their properties including the electro-optic coefficient, 511-keV photon attenuation coefficient, and bandgap energy as shown in Table 1 . The CdTe crystal has a larger electro-optic coefficient, which can lead to stronger optical modulation signal. However, the BSO crystal has a higher 511-keV photon attenuation coefficient, which enables it to absorb more energy from the ionizing radiation photons and generate more charge carriers. A larger number of ionization-induced charges will increase the optical modulation strength. The bandgap energy of the crystal, which is indirectly related to the carrier creation energy, also affects the number of charge carriers created by 511-keV photon interactions and thus influences the optical modulation strength. The CdTe crystal has a lower bandgap energy and it is expected that more carriers are created in this crystal. These factors in combination result in the difference between the material's detection sensitivity.
During the experiment, we also observed that the signal level tended to drift more severely with the low resistivity CdTe crystal than the high resistivity BSO crystal under high crystal bias. This is believed to be related to the large dark current induced in the CdTe crystal under high crystal bias voltage, which further explains the larger error bars for CdTe in Fig. 8 . In addition, the modulation signal with CdTe tends to saturate at bias voltage larger than 1500 V while the signal with BSO still goes up after 3500 V. This is also related to the lower resistivity (and thus larger dark current) in the CdTe crystal. Since the current flow induced by ionizing radiation photon interactions in the detector crystal determines the strength of the optical modulation, a large dark current will interfere with this radiationinduced current and make further increase in the optical modulation strength undetectable. With a high resistivity, the BSO crystal does not suffer from signal saturation up to 3500 V. Based on the linear relation between the optical modulation strength and crystal bias voltage, we believe that further increasing the bias voltage for BSO could potentially further increase the modulation strength and thus improve its detection sensitivity. Due to experimental equipment limit, this assumption was not tested out here but will be studied in our future work. We will also further study if the electron multiplication effect with even higher crystal bias voltage can be used to significantly boost the optical modulation strength in order to improve detection sensitivity. In addition to the high resistivity, the low cost and better crystal surface finish quality of the BSO crystal are also desirable for building a real PET detector module with the detection approach discussed in this work.
Conclusion and Future Work
In this work, we have compared the performance of CdTe and BSO as two detector crystals for the optical property modulation-based radiation detection method for PET and discussed desired properties of an ideal detector material. Both crystals can work for this approach and we have observed the modulation signal induced by either a laser diode or a Ge-68 source as the source of ionization with both crystals. The BSO crystal has a lower cost, better crystal surface finish quality, and higher resistivity, thus lower dark current noise, than the CdTe crystal. However, the CdTe crystal has higher carrier mobility, thus shorter detector dead time, than the BSO crystal. The CdTe and BSO crystals can achieve the same detection sensitivity under laser diode illumination at the same crystal bias voltage condition. However, the BSO crystal is not as sensitive to 511-keV photons as the CdTe crystal under the same crystal bias voltage before saturation. Further increasing the bias voltage for BSO could potentially further enhances the modulation strength and thus its detection sensitivity.
For the future work, we will focus on advancing the sensitivity of our experimental setup to be able to see the effects of single 511-keV photons with temporal resolution in the range of picoseconds. In addition to identifying more suitable detector materials based on the results presented in this work, we will also explore other aspects to achieve this goal. First of all, as discussed in Sec. 4, we will further study if the electron multiplication effect with even higher crystal bias voltage can be exploited to significantly boost the optical modulation signal strength. Additionally, we plan to make use of the optical amplification effect with high quality factor (high-Q) optical cavities to dramatically improve the detection sensitivity of the experimental setup. 22 In order to prove that the optical modulation effects in detector materials occur within picosecond or even femtosecond scale, we will make use of ultrafast laser and X-ray sources to probe the intrinsic material properties and possible ultrafast optical modulation processes.
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